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ARROW SHOWS 
SAMPLING- INSTANT 


= transmission of continuous information by 
means of pulses is becoming increasingly important 
in communications. Significant improvements in sig- 
nal-to-noise characteristics, simpler radio transmitters 
and receivers, and better over-all system performance 
have been achieved with pulse modulation techniques. 
These techniques include pulse-amplitude, pulse- 
position and, more recently, pulse-code. Each of these 
techniques has in common the ability to transmit the 
necessary information on an intermittent basis in a 
small percentage of the total time required by the 
original signal. Using pulse modulation, it is also 
possible to transmit many signals over a single circuit 
by sequentially commutating each of the signals. A 
process of sampling is used to generate a pulsed signal 
to represent the amplitude of the voltage being sam- 
pled. Channel separation is maintained by allocating 
a different interval of transmission time to each 
channel. This is called time-division multiplex. 


Of the pulse modulation systems being developed 
today, by far the greatest efforts are in the field of 
pulse-code. This type of modulation possesses many 
technical as well as economic advantages which make 
it extremely attractive for both military and com- 





A NEW 96-CHANNEL 
PCM SYSTEM 
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mercial purposes. The use of pulse-code modulation 
(PCM) for transmission of voice-frequency signals 
is one of the basic requirements of many future com- 
munications networks. 

The choice of PCM as a technique for modulating 
and multiplexing in communications links is based 
on a compromise between many factors. Among these 
are available bandwidth ; size, cost and power require- 
ments of terminal equipment; cable attenuation; re- 
peater cost; signal-to-noise ratios; drop and insert 
facility ; number of circuits; crosstalk, etc. Military 
needs superimpose additional requirements such as 
weight, serviceability, and message security. Other 
practical considerations, ranging from capability of 
radio-relay equipment to the necessity of system mes- 
sage compatibility with digital data originating 
from computers, must also be evaluated. 

Raytheon at the present time is developing for the 
U. S. Signal Corps a 96-channel fully-transistorized 
PCM system for cable and radio transmission. A 
developmental model of this system (AN/TCC-37 and 
AN/TCC-41) will be completed in 1960. A brief 
description of the system will be presented as part of 
this consideration of those properties of PCM that 
make it a major method of communication. 
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CODE LEVEL VS INPUT VOLTS 


NO. OF DIGITS 6 
MAXIMUM INPUT 8V PEAK TO PEAK 


| 
OUTPUT CODE LEVEL 





(NOTE WIDE RANGE OF CODE 
LEVELS WHEN INPUT IS LESS 
THAN +0.2V) 











ENCAPSULATION CIRCUIT ASSEMBLY 
INTERCONNECTIONS 


ALUMINUM SHELL OUTER SHEATH 


INNER SHEATH 


Figure 4 





Signal Coding : 

In a typical multiplex PCM system, the incoming 
channels are sequentially sampled by an electronic 
commutator operating at 8000 eps. The output signal 
of the commutator is thus made up of amplitude 
samples of each of the incoming channels. The time 
duration of each of these samples is (125/n) micro- 
seconds, where n is the number of channels and 125 
microseconds is the commutator period. This com- 
posite sampled signal is then fed into a coding circuit 
which converts it into a code combination of pulses 
and spaces corresponding to the incoming signal 
amplitude. 


The amplitude sample is usually binary coded, and 
a number of pulses from 1 to 6 in any of 64 sequential 
combinations are generated for each sample. The in- 
terval provided for this series of coding pulses cor- 
responds to the sampling interval. For example, in 
a 48-channel system which uses a 6-digit binary code, 
the sampling interval is 125/48 or 2.6 microseconds. 
A maximum of 6 binary digits or pulses are generated 
during this interval. If all digits were present in the 
pulse train, the pulse-digit period would be 2.6/6 or 
0.43 microseconds. The resultant pulse train therefore 
consists of a train of pulses whose basic rate is 8000 x 
48 x 6 or 2.304 me. 


Since a binary conversion permits only a finite 
number of values, the pulse-code representation must 
be rounded off to the nearest whole number. For 
example, in a system using a 6-digit code, the incom- 
ing signal ean be coded to.an accuracy of one part in 
64. This results in a quantized-type signal which limits 
only slightly the fidelity of the intelligence being 
transmitted. There is an additional contribution of 
granular noise (not serious, however) due to the 
number and size of the quantum steps. For ordinary 
voice communication, a 6-digit code will result in a 
good-quality circuit. 


For such a cireuit it is necessary to obtain samples 
of tones as high as 3500 eps. If the sampling frequency 
is at a regular rate greater than twice the highest 
frequeney transmitted and if the sampling interval 
is sufficiently brief, the samples contain all the infor- 


mation of the original signal. Thus, for voice- 
frequency circuits, a sampling frequency of 8 ke is 
usually chosen. 

A rather simplified illustration of the coding prin- 
ciple is shown in Figure 1. A single-channel system 
and a 4-digit binary code have been selected for 
clarity. The amplitude of the input signals has been 
chosen to vary from zero to almost maximum modula- 
tion. The illustration shows the many different 
binary codes generated for each waveform during the 
sampling process. (Figure 2 shows the coding and 
multiplexing of two channels. Here a 5-digit code is 
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used.) The multiplexed train shows the combined 
pulse configuration output from each channel on one 
wire. For the example shown, the amplitude fidelity 
is no better than one part in 32. 

In PCM using binary code, the transmitted pulses 
are of equal amplitude and duration. The basic digit 
rate of the pulses is usually determined by a crystal- 
controlled master clock. Timing signals for the com- 
mutator, the sampler, and all the multiplexed chan- 
nels are derived by counting down from the master 
clock, thus resulting in a completely internally- 
synchronized system. To demodulate the signal at 
the receiving terminal, it is necessary to regenerate 
the digit frequency, to establish frame and channel 
synchronization, and to determine the presence or 
absence of ones or zeros (pulse or no-pulse). 

The process of frame synchronization causes the 
PCM receiver to re-establish the timing sequence 
generated by the transmitter and to properly identify 
each of the channel groups. Practical PCM systems 
use one digit or time slot in each frame for synchron- 
ization. This digit resembles the others in amplitude, 
position, and shape, and can be recognized only by 
the fact that its presence or absence is in accord with 
the predetermined synchronization pattern. Channel 
and digit synchronization are also required prior to 
demodulation. Here each of the channel code groups 
is separately decommutated, and the resultant signals 
passed into digital-to-analog converters where the 
original voice-frequency signals are recovered. 

The previous discussion has been based on the use 
of a binary-coded (2-level) PCM system. PCM sys- 
tems using 3-, 4-, or 8-pulse levels are quite feasible, 
and in fact require proportionally less bandwidth. 
However, although binary systems require the maxi- 
mum bandwidth of any PCM system, their transmis- 
sion and repeater requirements are more lenient, and 
the encoding and decoding circuits are more reliable. 
Binary PCM is used throughout the cable system in 
the Signal Corps system under development. Ternary 
PCM is used in some parts of the radio system. 


Properties of PCM 


PCM has certain inherent properties that make it 
a desirable choice of modulation for multiplex tele- 
phony. As with frequency modulation, the structure 
of a PCM signal is not affected by amplitude varia- 
tions during transmission. Impairment within toler- 
able limits of the binary-level structure of PCM by 
noise, distortion, and interference results in neglig- 
ible degradation of the received signal. Precision 
timing for the PCM train is obtained by a erystal- 
controlled clock which determines the transmitted 
pulse frequency. The receiver samples the incoming 
pulse train at fixed intervals and determines whether 
or not a pulse is present. Timing control is achieved 











































by a narrow-band erystal-filter in the receiver which 
selectively enhances all signals occurring at the proper 
rate. 

Generation of the new timing waveform is most 
effectively achieved by a complete re-timing process 
which synthesizes the generating clock-frequency 
waveform. This may be accomplished by a high-Q 
erystal-controlled resonant circuit. Input excitation 
for this cireuit is initiated by amplified digit pulses 
in the PCM train. The impulse response of the tuned 
circuit is such that sufficient energy is present to 
maintain a continuous clock output even in the 
presence of noise or random absence of pulses. By 
re-combining the input pulse train with the clock- 
frequency waveform, a new pulse code train is gen- 
erated. The instants of pulse regeneration are deter- 
mined principally by the clock-frequency signal, and 
no accumulation of timing errors results. In cable 
transmission, the PCM pattern can be detected in the 
presence of noise and interference which may be a 
large percentage of the pulse amplitude. 

Another advantage of PCM is that it permits the 
use of simple regenerative repeaters in a transmission 
circuit. The nature of the signal and the detection 
circuits in each link prevent the accumulation of sig- 
nal degradation and noise contributed by the link. 
Normal transmission attenuation can then be overcome 
by inserting repeaters in the circuit. Each repeater 
is capable of complete signal regeneration. Thus, the 
entire allowable signal distortion of a system can be 
borne substantially by any one link without the effect 
being cumulative. 

The digital nature of a PCM signal permits any 
number of pulse transpositions to be made in the 
































signal pattern. The military advantages of this 
capability to provide a very high degree of message 
security are self-evident. By the application of coding 
using computer techniques, an entire multiplexed 
message may be put into cryptographic form simul. 
taneously. 


Companders 


PCM encoding and decoding of speech provides 
good fidelity for ordinary talkers. When low speech 
levels are used, however, there is a degradation of 
the circuit performance because the number of pos- 
sible code levels is small and distinctions between 
levels are not adequately coded. To overcome this 
difficulty, a pair of carefully devised non-linear cir- 
cuits is placed at the PCM terminals at points imme- 
diately preceding encoding and following decoding. 
At the coder, the circuit expands low amplitude sig- 
nals and compresses high amplitude signals. The 
reverse procedure is accomplished at the decoder. This 
process, called instantaneous companding, is of vital 
importance in achieving high quality circuits. Only 
one companding network is required for an entire 
PCM terminal. Figure 3 shows the input-output 
characteristics obtained using a compander. Note that 
for signals having a peak to peak value of 0.4 volts 
or less, the amplitudes are represented by 32 code 
levels. Without companding, this range would be 
represented by only 3 levels. 

An additional factor which makes the use of PCM 
for voice circuits important is the fast-growing traffic 
requirement imposed on communications circuits by 
high-speed digital data. Since electronic data-process- 
ing signals are almost universally in the form of 
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Figure 6 


pulses, PCM meets the compatibility requirements of 
radio systems handling both voice and data traffic. 

From an economy viewpoint, studies have shown 
that for large numbers of channels the cost of PCM 
terminal equipment per channel is less than for 
methods using single-sideband, suppressed-carrier 
frequency-division multiplex (FDM). This advantage 
derives from the pulse nature of the PCM signal, from 
the lack of requirements for distortion-free amplifica- 
tion, and from the avoidance of costly channel filters. 
Crosstalk and channel loading are also more favorably 
handled in PCM. The promises of smaller, lighter, 
and less expensive terminal equipment to be realized 
by the use of PCM provide the remaining factors 
which have sparked large military and commercial 
ventures in this field. 

These desirable characteristics are obtained in ex- 
change for increased bandwidth. A 6-digit binary 
PCM system for voice communication requires a 
minimum video bandwidth of 24 ke per channel. This 
is six times that of conventional FDM terminals. 
Radio frequency bandwidth is usually available in 
many FDM microwave systems to accomodate 96 
channels or more. The use of PCM for modulating 
radio transmitters is quite practical. In cable sys- 
tems, the required bandwidth can usually be achieved 
by simple equalizers. Phase requirements for the 
upper part of the frequency spectrum are not as 
severe as those imposed by FDM. 


96-Channel PCM System 


In the system being developed by Raytheon for the 
Signal Corps, two types of equipment are required. 
One type provides the terminal equipment suitable 
for transmission of multi-channel voice and data over 
radio-relay, and the other provides a complete 40-mile 
repeatered cable-transmission network for the same 
type of traffic. Both systems will integrate into the 
Army ground-communications network. In the cable 
system, repeater amplifiers (which provide a means 
for regeneration of the signal as it travels down the 
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line) will be inserted into the system at 1-mile inter- 
vals. A photograph of the repeater and a sketch show- 
ing its internal construction are presented in Fig- 
ure 4. As many as 40 of these ruggedized repeaters 
may be used in any link between attended points. 
Tactical needs require that the entire cable system 
can be dropped from a helicopter and be operable 
even when submerged. When put into operation, the 
system permits the interconnection on a 4-wire basis 
of digital signals into standard Signal Corps radio 
and wire circuits. When used with radio links, the 
system will provide all the terminal facilities for 
multiplexing up to 96 voice channels. Using cable, 
the total capacity is 48 voice channels. 

The telephone terminal accepts 12, 24, 48, or 96 
voice-frequency signals, samples each one in sequence 
at 8000 cps, combines the resultant pulse-amplitude 
samples on a time-division basis, codes these samples 
in a 6-digit binary code, and transmits the coded sig- 
nal over the pair of coaxial cables or to the input of 
the radio-relay set. In addition, the terminal accepts 
the incoming PCM pulse train from the cable or radio, 
decodes these signals, and distributes them to the 
proper voice channel. Provisions for handling two 
data channels are included. 

In the cable system, the unattended repeaters in- 
clude circuits to completely re-time the received pulse 
train in both directions of transmission and to condi- 
tion the pulses for re-transmission. In this process, 
each received pulse is replaced by a new one, standard- 
ized in timing, magnitude, and pulse shape, thus 
eliminating the accumulation of distortion due to 
noise and bandwidth limitations. Figure 5 shows the 
oscillogram of a series of pulses in a 1100111 con- 
figuration before and after processing by the repeater. 
A total of fourteen transistors are used in the repeater. 

Power for the repeaters is obtained from a constant- 
current supply located in the terminals using the center 
conductors of the coaxial cable. Figure 6 shows the 
power supply loop for the unattended repeaters. Pro- 
vision for fault location at the attended points to 








Figure 7 




















Figure 8 















pinpoint damaged units is also included. Order-wire 
facilities for service personnel are derived by multi- 
plexing the voice signal on a frequency-division basis 
with the PCM train. This is accomplished by trans- 
mitting the voice-frequency signal directly over the 
cable by using the conductor and the sheath as a pair 
of wires. 

Major components of the system are multiplex tele- 
phone terminals, regenerative repeaters, and un- 
attended coaxial cable repeaters. Auxiliary equipment 
is provided to permit combining pairs of multiplexers 
to give the higher traffic capability of each system, 
and to condition the signals for transmission over 
eable or radio links as required. Other units com- 
prise a lineman’s test set to be used for cable main- 
tenance and a unit to drop or insert one-half of the 
maximum number of channels. Figure 7 shows ter- 
minal multiplexers for high and low traffic, combin- 
ers, and attended repeaters. 

The equipment being developed for the Signal 
Corps is completely transistorized and utilizes many 
novel circuit and packaging techniques. High-speed 
switching transistors and diodes are used extensively. 
Modular techniques embodying potted circuits are 
used throughout the equipment. Special care has 
been given to the selection and inspection of com- 
ponents and to ease of maintenance, since it is ex- 
pected that this equipment, once in operation, will 
remain in continuous, round the clock service. The 
engineering test models will meet all the rugged 
environmental conditions imposed upon Signal Corps’ 
field equipment operating from —40°C to +60°C. 

The component density will be unusually high, and 
the equipment is being designed to permit rapid per- 
formance checks by inexperienced operators. There 
will be a minimum of front-panel adjustments. In 
the event of malfunction, trouble areas can be isolated 
through the use of an internally mounted test facility, 
thus permitting rapid replacement of plug-in cards. 
Figure 8 is a typical plug-in ecard showing modular- 
type mounting. In production units, modules will be 
encapsulated to insure rigidity and protection to the 
components. The component count for a single high- 
traffic terminal is approximately 14,000, of which 
2,300 are transistors. All the components used in the 
96-channel equipment will have received military 
approval. 

Upon completion, the Raytheon 96-channel PCM 
system will represent an important contribution to the 
field of multi-channel voice communication. It will 
provide a modern, highly efficient telephone link to 
meet increasing military traffic requirements while 
at the same time achieving small size, light weight, 
and high reliability. The system is expected to find 
important usage in future military communications 
networks. 
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a development work has been con- 
ducted at Wayland Laboratory in recent years on an 
extremely versatile type of microwave antenna known 
as the corporate structure. The name is derived from 
the resemblance between the circuit diagram of the 
antenna feed system (Figure 1) and the organization 
chart of a business corporation. The power from a 
single input feed line is distributed among the radiat- 
ing elements of the antenna by a network of power 
dividers. The nature of the radiated beam is deter- 
mined by the number and type of radiating elements 
and by the phase and amplitude of the energy at each 
element. The fundamental advantage of the corporate 
structure is the high degree of control which can be 
exercised over the radiation from each of the elements 
of the antenna. 

The price paid for this control is complexity. When 
the number of radiating elements is small, the corpo- 
rate structure is correspondingly simple. As they 
increase in quantity, the number of components in the 
corporate structure rapidly becomes astronomical. As 
we approach, say, 100 elements, the mechanical en- 
gineers are shuddering at the weight involved, the 
customer dares not think what the cost will be, and 
everyone is wondering how it can ever be put together. 
All of these are valid objections and can be outweighed 
only by operational requirements which cannot be 
satisfied by any of the more conventional antenna 
designs. 
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Equipment Division 


Corporate Structure Components 


The key components of the corporate structure an- 
tenna are the power dividers and the radiating ele- 
ments. A clear understanding of the power divider is 
essential to an understanding of the antenna. 

Consider a power divider with a single input and 
two outputs (Figure 2). Ideally, this tee should be 
capable of splitting the power in any predetermined 
ratio without any loss in power. Furthermore, this 
ratio should be unaffected by frequency or by the 
terminations on the output lines. We have been able 
to approach all but the last of these conditions using 
a tee developed by John Reed and Gershon Wheeler 
at Wayland Laboratory. The power division ratio is 
determined by the diameters of the inner conductors 
of the coaxial transmission line making up the tee. 
The device is relatively insensitive to frequency 
changes because the ratio is controlled by the charac- 
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teristic impedance of the lines. Some frequency de- 
pendance is introduced by the quarter-wavelength 
sections of line which are used as transformers. The 
power in each output arm is V;2G, where V; is the 
driving voltage at the junction of the tee and G is the 
conductance looking into the arm. Since V; is the same 
for both output arms, the power ratio is simply 
G,/Gp,. If both arms are terminated in reflectionless 
loads, the power ratio is fixed by the line diameters. 

In a real situation, voltage-standing wave ratios, 
ra and rx will be present in each line. The conductance 
of line A will vary between the limits G, x ra and 
G,/ra, Where G, is defined as the characteristic con- 
ductance of line A at the junction of the tee. The 
value of G, within these limits is determined by the 
phase of the reflected wave. When r, = rg and the re- 
flected energy in both lines has the same phase, the 
power division ratio is undisturbed by the reflections. 
This occurs whenever identical discontinuities are 
equidistant from the junction. When these two con- 
ditions are not met, the ratio is disturbed. Even small 
reflections can cause large errors, as shown in Fig- 
ure 3. 


This places severe requirements on the design of the 
corporate structure because the distribution of energy 
among the radiating elements is correct only when the 
lines are refiectionless or when the reflections are of 
the special character described above. On the other 
hand, the device for controlling this distribution has 
the important advantage that it is relatively insensi- 
tive to changes in frequency. Broadband operation 
is seen to be characteristic of the corporate structure. 


Although it is not necessarily a basic limitation, 
generally a corporate structure is used to feed a line 
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LOAD VSWR 
of radiating elements. This linear array determines 


the beam in one plane; the beam in the other plane is 
formed quite independently by the radiating elements, 
by a reflector, or even by an array of second cor- 
porate structures. We shall concentrate on broadside 
linear arrays: that is, arrays with all elements fed in 
the same phase so that the beam is normal to the line 
of radiating elements. Arrays fed by corporate struc- 
tures with the elements phased to produce an oblique 
beam are quite feasible and have been discussed to 
some degree in the literature. 

Broadside arrays are of primary interest here be. 
cause the power division ratios are not disturbed by 
the fact that the radiating elements are not reflection- 
less terminations or by the fact that some of the 
radiated energy is coupled into adjacent elements. 
In the broadside ease the radiating elements fed by a 
particular power divider are all electrically equi- 
distant from that divider. The reflections from the 
radiators are identical in phase and amplitude, then, 
if the radiating elements are identical. Mutually 
coupled energy also has the properties of reflected 
energy. This arrives in phase at each tee and, except 
for elements near the end of the array, the equivalent 
reflection coefficient is the same at all tees. (This as- 
sumes that the amplitude distribution from the center 
to either end of the array is monotonic.) Thus the 
special conditions for reflected energy that does not 
alter the power division ratios have been met. 

Since the radiating elements do not contribute to 
errors in the power distribution, we need only contend 
with reflections within the corporate structure. In 
many applications the tees cannot be equally spaced 
from each other; in addition, the transmission lines 
joining the tees are neither identical nor reflectionless. 
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Errors within the corporate structure being inevitable, 
we are confronted with the problem of designing the 
corporate structure so that the undesirable effects of 
these errors on the radiated beam are minimized. 


Corporate Structure Design 


In the case we have selected — the broadside linear 
array — the phase distribution is already designated : 
all elements are in phase. The amplitude distribution 
is yet to be chosen. Many choices are open to the 
antenna designer employing the corporate structure 
feed which are simply not feasible with other antenna 
types such as the reflector fed by a horn. 

One such possibiilty is uniform amplitude distribu- 
tion, This has the advantage that, for a given antenna 
length and wavelength, the beamwidth is minimized. 
Another type is the Dolph-Tchebyscheff: for a given 
wavelength, antenna length, and beamwidth, the 
minimum side lobe level is achieved. Much of our 
work has been with the Taylor distribution, which is 
similar to the Dolph-Tchebyscheff. While slightly less 
efficient, the Taylor type has the characteristic that 
the side lobes decrease in magnitude as the angle from 
the main lobe increases, whereas all side lobes are 
equal in magnitude for the Dolph type. Regardless 
of the choice made, it should be noted that there is 


high aperture efficiency (roughly defined as the ratio 
of antenna length to beamwidth, wavelength being 
fixed), and that low side lobes may be realized. 

It is essential that the corporate structure be de- 
signed to avoid periodic errors. Such errors may occur 
when, say, every fifth element of the array is fed from 
a single power divider. The effect would be exactly 
that of the superposition of an array with an inter- 
element spacing five times that of the basic array. 
This new array, because of the wide spacing, has sev- 
eral principal maxima, all but one of them being off 
the axis of the main beam. These maxima show up as 
side lobes, which might well be excessively high. 

By careful design, it is possible to build a high de- 
gree of randomness into the corporate structure. Fig- 
ure 4 is an example of such a corporate structure, in 
this case an 80-element feed. The network is sym- 
metrical about the center line with the elements being 
numbered from 1 to 40 from the center to either end. 
The number at each tee indicates the fraction of the 
input which goes to the upper output arm. This net- 
work yields the distribution shown in Figure 5, in this 
case the Taylor type for side lobes 40 db below the 
main lobe. 

If we assume that the corporate structure does feed 
the array so that errors will be random, statistical 
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theory may be used to predict the side lobe levels 
which will occur. This is valuable because it enables 
us to translate ar’ 1na pattern requirements into de- 
sign criteria for th corporate structure components. 
Furthermore, from i .easurements of phase and ampli- 
tude of the signal at each element of the array, the 
antenna pattern can be computed. This is often de- 
sirable when the large size of an antenna or the very 
low side lobe levels make antenna pattern measure- 
ments exceptionally difficult. Reasonable correlation 
between measured and calculated patterns has been 
achieved, as shown in Figure 7. 





Capabilities and Limitations 


To date at Wayland Laboratory our interest in the 
corporate structure has been concerned with its broad- 
band, low side-lobe capabilities. We have made an- 
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| tennas with side lobes more than 32 db below the - 

+ main lobe over a 30 per cent frequency band, and S 

below 35 db over much of this band. Figure 8 is an o 

+++} example of the sort of patterns which have been 2 
-}-—P measured. This performance is superior to that of a = 

an reflector for which 24 db side lobes and a 10 per cent a 

{ tT band of operation might be typical. w 


mee The upper limit on bandwidth has not been de- 






















































































! 2H termined, but is probably close to 40 per cent, a figure 
as Seams which is not far from the useful range of waveguide. 
eit TT Lower side lobes are also attainable, but no signficant 
‘ae improvements should be expected without a different 
a — type of power divider. A device is needed in which all 
co Titers _ reflected signals would be absorbed, rather than being 
a TH 4 bounced around inside the corporate structure and 
t ee coming out as error signals. 
v7 Ty The advisability of using a corporate structure an- 
} ae tenna should be considered whenever the antenna de- 
Doe signer is faced with requirements which cannot be met 
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sure he has a generous budget, a distant delivery date, 


and a group of indefatigable engineers. Figure 8 
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Be rrnnon has for many years carried out a 
program of applied propagation research, particularly 
as related to propagation via the ionosphere, an ion- 
ized region in the upper atmosphere. This effort 
traces its beginnings largely to a project started in: 
the late 1940’s to develop for the Air Force a very, 
long range ionospheric radar. One of the outgrowths 
of this work has been an oblique incidence sounding 
technique (commonly called COZI for COmmunica. 
tion Zone Indicator) which enables a communicatior 
or broadcasting station to determine the regions which 
its transmissions are reaching. This article will 
review some of the basic principles of ionospheri¢ 
propagation, describe the COZI technique as conceived 
using pulse transmissions, and then indicate some 
recent developments which enable oblique incidence 
soundings to be obtained with normal communication 
transmissions. 


Review of Mechanism of HF Skywave Propagation | 


One way to communicate beyond the line of sight 
with electromagnetic radiation is to use an inter- 
mediate reflector or scatterer visible to both terminals 
of a circuit. Within certain limitations, the inosphere 
provides such a reflector (Figure 1). 

The ability of an ionized region to reflect rays 
depends upon the density of the ionization and the 
frequency of the ray. Lower frequencies require less 
ionization for the same degree of bending; also, less 
bending takes less ionization. Maximum bending oc- 
curs when a ray is turned all the way back upon itseif 
through 180 degrees. For a given degree of ionization, 
the highest frequency which can be bent through 180 
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Figure 1 
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degrees (and thus reflected vertically) is called the 
vertical incidence critical frequency. A slightly higher 
frequency will penetrate the layer when it impinges 
normally upon it, but can be bent back to the earth if 
it strikes obliquely. Of course this ray cannot be re- 
turned to the transmitter but will strike the earth 
some distance away. A still higher frequency must 
strike at even more oblique angles to be bent back, thus 
reaching the earth at even longer distances. This is 
illustrated in Figure 2. 

The effect just described results in a skip distance 
which is the minimum distance along the earth’s sur- 
face that can be reached by way of the ionosphere on 
a given frequency. Rays which would have reached 
shorter distances simply penetrate the layers instead 
of being reflected. In this simplified picture of the 
ionosphere, it is easily seen that there is a skip dis- 
tance associated with each frequency higher than the 
vertical incidence critical frequency. Conversely, 
there is a maximum usable frequency associated with 
each distance. Therefore, to reach a given distance, 
it is essential that the frequency used be less than 
this maximum usable frequency, commonly called the 
MUF. 

These ionized regions in the upper atmosphere are 
caused by a reaction of the constituent particles with 
incoming radiation, mainly from the sun. Although 
the mechanism is not fully understood, the ionization 
seems to occur in several discrete layers, possibly be- 
eause different portions of the radiation spectrum 
produce ionization more efficiently at those levels of 
the atmosphere. The two most prominent layers are 
ealled the E and F layers, the F layer sometimes 
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being split into the F, and F,. The E layer is nor- 
mally about 100 kilometers and the i" layer 200 to 
500 kilometers above the earth. The F layer, being 
higher and in general more highly ionized, is more 


} useful for long distance communications; however, 











} the E layer is often useful for shorter circuits. 


A complete description of these layers in the form 
of ionization density versus height can be very com- 
plicated and is beyond the scope of this discussion. 
A somewhat simpler and yet still useful description 
ean be given in terms of the vertical incidence critical 
frequency and the virtual height of the various layers. 
A knowledge of these quantities is necessary to deter- 
mine the MUF for a given path. These quantities are 
subject, however, to considerable variation: geo- 
graphically, diurnally, seasonally, with respect to solar 
activity, ete. The general trends can be predicted, 
but there are apparently random day to day varia- 
tions much like those in the weather which cannot be 
accurately predicted. Thus, the communicator must 
rely on the accuracy of the long range predictions 
issued by Central Radio Propagation Laboratory of 
the National Bureau of Standards, as well as on his 
own previous experience, or else he must try all 
available channels in choosing a frequency to estab- 
lish a circuit. The technique to be discussed here 


provides an alternative to these methods. 

Before describing this technique, one other point 
should be made. One might ask why a fairly low fre- 
queney chosen to be always below the MUF could not 
be used so that no consideration need be given to 
ionospheric variations. There are many reasons why 
this is not desirable or even possible in some cases. 
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Let us mention only two of the more obvious ones. 
First, this would crowd all communications toward 
the lower frequencies leaving much of the useful 
spectrum idie. Interference would then be very 
serious since long and short distance circuits would 
be competing for the same frequency band. Second, 
the amount of absorption suffered by a ray is inversely 
proportional to the square of the frequency used. 
Thus, the highest possible frequency will give the 
strongest signal for a given amount of radiated power. 
Other factors such as multipath, antenna considera- 
tions, and privacy also suggest use of the highest 
possible frequencies. 
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Figure 3 
Ground Backscatter 


Let us now turn our attention to the oblique incid- 
ence sounding technique. If a fairly short pulse is 
transmitted, the energy will be reflected from the 
ionosphere in accordance with the earlier discussion 
and returned to the earth at some distant point. Since 
the earth is not a smooth reflector but rather a scat- 
terer, some of this energy is returned along the same 
ray path back toward the transmitter, arriving there 
some finite time later. The earliest arriving energy 
will have come very nearly from the shortest possible 


ground distance and thus can be associated with the 
skip. Figure 3 is an example of the type of echo that 
will result from this ground backscatter whea dis- 
played on an A-scope. The thirty millisecond sweep 
shown represents a range of about 4000 kms or 2500 
miles. The transmitted pulse, of 2 milliseconds, dura- 
tion, occurs at zero time and the ground backscatter 
starts at a time range of 11 milliseconds. Figure 4 
shows this backscatter as it might exist on several 
frequencies. Note how the backscatter delay increases 
as the frequency is raised. Note also the 2-hop back- 
scatter shown on 16 megacycles. | 

These results were obtained on antennas oriented 
along a single azimuth. With a rotatable antenna, a 
PPI display (Figure 5) can be used to indicate the 
variation of skip distance on a given frequency as a 
function of azimuth. A-scope displays (with a sweep 
length twice that of the PPI display) of the ground 
backseatter for the four cardinal points of the com- 
pass are also shown in Figure 5. This backscatter 
display indicates poor communication or propagation 
conditions to the north, good single hop conditions to 
the west, and good multiple hop conditions to the 
south and east. A ‘‘short skip’’ propagation mode, 
probably supported by a patch of sporadic E ioniza- 
tion, is also indicated in the northwest. 

All of these examples have shown the backscatter 
on a time base which is indicative of the slant range 
to the echo. In order to convert this into distance 
along the earth’s surface, the height at which the 
apparent reflection occurs must be known. This con- 
version from slant range or backscatter delay time to 
skip distance is considered to be purely geometrical 
and can be made with the aid of a graph such as 
Figure 6. It is true that the propagation mode must 
be identified and the layer height estimated before 
delay time can be converted to the skip distance. 
However, a little experience on the part of the ob- 
server, together with some knowledge of the history 
of formation and movement of a particular group of 
backseatter, allows quite accurate mode identification. 
For example, the backscatter shown in Figure 3 was 
propagated via an F-layer mode. If a 300 km re- 
flecting layer height is assumed, the skip distance is 
found to be 1500 km. A table giving best estimates 
of F-layer heights for various times and locations is 
adequate for this mode. One hundred kilometers can 
always be used as E-layer height. It should also be 
noted that the skip distance for a given delay time 
is not a very strong function of layer height, especially 
at the longer ranges. Thus, errors in estimating layer 
height are not very serious. 

The backseatter records shown in Figures 3, 4 and 
5 were obtained using equipment similar to Ray- 
theon’s AN/GPQ-3 Propagation Frequency Evalua- 
tion Set. This is a relatively low power pulse system 
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Figure 4 


radiating 1 kilowatt of peak power in a pulse 2.5 milli- 
seconds wide and occurring 20 times per second. The 
timing and display equipment is similar to that em- 
ployed in radar, although the time base is considerably 
longer than that of most radars. This equipment has 
been used by the Strategic Air Command, US Army 
Signal Corps, the Air Research and Development Com- 
mand, the Voice of America, Radio Free Europe and 
the Naval Research Lab. 


Operational Use and New Techniques 


The value of this type of propagation information 
to a broadcasting station or communication center is 
fairly obvious. Propagation conditions over a par- 
ticular propagation path can be evaluated, the proper 
frequency for operation determined, relative signal 
strengths estimated, and possible changes in operat- 
ing frequency anticipated. The use of the COZI sys 
tem as it now exists in its pulse form has been awk 
ward for most station operators, however. Specis 
transmitters and antennas must be available for 
sounding, or traffic on the operating transmitters 
(possibly modified for pulse operation) must be in 
terrupted for the backscatter sounding. It would be 
very advantageous if the skip distance information 
could be obtained without resorting to special pulse 
systems. The required transmission time could bé 
obtained using other types of modulation if the trans 
mitted signals could be stored for comparison 0 
cross-correlation with the returning backscattered 
signal. The only requisite on the modulation would 
be that it have the bandwidth required to permit 
delayed copy of the transmitted intelligence to bé 
compared with the backscattered waveform to obtait 
transmission delay without ambiguity. Since pulsé 
systems usually employ pulses about 1 millisecon¢ 
long, continuous modulated transmissions with a cor 
relation time of this order or a bandwidth of at least 
1 ke should be adequate. Ordinary AM broadeasts a 
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well as many ionospheric communication transmissions 
satisfy this condition. 

To implement these ideas, methods of recovering 
backseatter information from arbitrary modulation 
systems were considered. A method of correlating 
the transmitted intelligence with the backscattered 
waveform was obviously necessary. The two major 
problems were the storage of the transmitted intel- 
ligence for comparison with the returning backscatter 
signal, and the separation of the transmitting and 
receiving facilities in order to avoid self-jamming. 
The problem of storing or delaying the referenced 


transmitted intelligence was solved by the use of 
digital recirculating delay lines. 

Several experimental tests were performed at Ray- 
theon’s ionosphere sounding station at South Dart- 
mouth, Massachusetts. It was found that signals 
transmitted from WRUL, an overseas broadcasting 
station located at Scituate, Massachusetts, could be 
received at South Dartmouth via the backscatter mode. 
Reference intelligence for comparison with the back- 
scatter signal could be obtained over a telephone line. 
The referenced transmitted intelligence stored in the 


recirculating delay lines was compared with the 
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received backscatter signal by a simple coinciden 
amplifier. The output of this coincidence or corr 
tion amplifier presented the cross-correlation functi 
as an A-scope display. 

The results of one experiment are illustrated j 
Figure 7. Several examples are shown to illustra 
the correlation functions obtained for various typé 
of program material. The best results were obtaine 
in the case of applause (a wide-band noise-type signaly 
and fairly good results in the case of voice. In th 
case of music the results were less consistent ; wher 
orchestral pieces containing many frequencies we 
used, the results were fairly good. However, whe 
the musie contained prominent periodic component 
such as is the case with a single instrument or a pure 
toned voice, ambiguities appear in the A-scope preser 
tation corresponding to the multiple correlation point 
of the periodic components. The correlation functio 
displays shown in Figure 7 were obtained photé 
graphically with an exposure time of approximate] 
20 seconds. To an observer watching the A-scope, the 
position of the peak in the correlation function is not 
as obvious as in these pictures. The integration pro- 
vided by the long film exposure time brings the posi-) 
tion of the correlation function into prominence. 

To improve on the visual display and to provide a 
long time integration effect, the output of the correlator 
was displayed on a facsimile device to provide a range 
versus time presentation similar to that normally used 
in oblique incidence ionosphere sounding work. 
sample of this type of display is shown in Figure § 
The range to the cross correlation function or back: 
scatter is shown as a function of time for a period of 
3 minutes. In this type of display the position of the 
correlation function is quite apparent. If this pre 
sentation were used in a communication center, the 
skip distance or zone of communication could be con 
tinuously and very conveniently monitored. 


Conclusions 


The backscatter, or COZI, technique for measuring 
skip distance and communication zones is an extremel 
useful tool for the long distance broadcaster or com 
municator who must rely on ionosphere propagation 
Widespread use of the method would conserve spet 
trum space by eliminating the guesswork in frequenq 
selection, thereby guaranteeing that each operato 
used only that part of the spectrum necessary 
accomplish his immediate objective. The operation 
difficulties brought about by the use of a pulse syster 
would be eliminated if a correlative type COZI we 
employed to take advantage of the normal modulatio 
method used at the communication center. Use of th 


technique offers the advantages of savings in bot 


operating cost and spectrum space while, at the sam 
time, improving reliability. 
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OMPLETE electronic circuits are currently being 
designed and tested for operation in ambient tempera- 
tures of 500°C. For certain of the components in 
these circuits, 500°C is in the ultra-high temperature 
range, which means they must be capable of operating 
literally in a red-hot condition. The present article 
will discuss some of the radical changes in the prop- 
erties of materials which occur at such elevated tem- 
peratures, and will describe some of the techniques 
that have been applied in the design of successful 
ultra-high temperature systems. While the authors’ 
interests lie principally in the field of magnetic com- 
ponents, the topics discussed will be pertinent to the 
many other types of units which go to make up a 
complex piece of electronic gear. 

In a previous article [November-December 1957 
issue of ELECTRONIC PROGRESS] the authors 
described the use of newly available fluorochemical 
insulating materials, coupled with effective cooling 
design, as a means of upgrading the capability of 
electronic equipments to withstand severe thermal 
environments. In this article, we propose to discuss a 
diametrically opposite approach, whereby through the 
initial selection of suitable temperature-resistant ma- 
terials and the application of special techniques in 
production, equipment can be designed to withstand 
severe extremes of temperature without any means of 
cooling other than radiation. 

Functionally, the basic parts out of which the 
various components are constructed are: (1) Insulat- 
ing members; (2) Conducting members; (3) Magnetic 
members; (4) Structural members. 

Traditionally, the upper limit of operating tempera- 
ture has been determined by the thermal endurance 
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fe organic in Hature, and thére- 
fore vulnerable to the*effects of oxidation and pyro- 
lysis. The life of organic insulating materials varies 
logarithmically with the reciprocal absolute tempera- 
ture, and is expressed by the Arrhenius equation : 


L=A(e”’*~1) 


where L is life in hours, T is absolute temperature, 
A and b are empirical constants. As a result of this 
relationship, the life of insulation may be expected to 
diminish by 50 per cent for roughly 10°C increase in 
temperature. This relationship is illustrated in Fig- 
ure 1. Class A insulators are organic materials used 
up to 105°C (e.g., paper). Class B insulators are 
organic materials used up to 130°C (e.g., epoxies). 
Class H insulators are organic plus inorganic ma- 
terials normally used up to 200°C. Note that the life 
of even the most stable organic types, silicone and 
teflon, is reduced to a matter of a few hundred hours 
at 300°C. 

In entering the realm of ultra-high temperature, it 
therefore becomes necessary to find substitutes for the 
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organic materials. In so doing, the first handicap 
encountered is the inherent non-flexibility of inorganic 
and ceramic insulations. The winding of inductive 
components requires flexible, abrasion-resistant in- 
sulation for conductors, and flexible sheet insulation 
between the layers of a coil. 

Fortunately, there is a way in which a degree of 
flexibility can be imparted to inorganic materials. 
This is by spinning or plating material in thin fibers. 
Nature, over the course of the ages, has produced 
bundles of silicate fibers as chrysotile asbestos, and 
‘*books’’ of laminar sheets as muscovite and phlogopite 
micas. Man has learned to spin fibers out of siliccous 
materials such as glass, quartz, and aluminum silicate. 
He has improved upon the natural micas, replacing 
the water present in natural mica with fluorine to 
produce synthetic fluorphlogopite, stable to 1000°C 
(Figure 2). Further, he has circumvented the in- 
creasingly acute shortage of large mica splittings by 
finding a way to delaminate mica scrap and recombine 
the platelets into sheets of material which may be 
several feet in width and as little as a thousandth of 
an inch thick. This feat has been accomplished by 
utilizing the residual electrostatic forces of attraction 
present in freshly delaminated mica. As a result, we 
have available flexible fibers, papers, and woven fab- 
ries of inorganic origin, exhibiting good dielectric 
qualities and capable of withstanding extremely high 
temperatures. 

A new type of flexible inorganic layer insulation 
has been developed in our own laboratory. This ma- 


terial has as its basis the bentonite clay films studied 
by Dr. Ernest Hauser of M.I.T. during the 30’s. We 
have improved tensile and tear strength by incorporat- 
ing in these remarkable clay films a quantity of in. 
organic fiber, such as glass, quartz, aluminum silicate, 
or potassium titanate. Strength can be further im. 
proved by applying a thin coating of silicone resin; 
or if desired, a thin layer of polyvinyl alcohol may 
be added for temporary handling strength, and subse- 
quently burned off after the coil is wound. Films ag 
thin as five ten-thousandths of an inch have been 
prepared in this manner, with breakdown voltages of 
1500 volts per mil. 

The electrical characteristics of all insulating ma- 
terials suffer severe deterioration at ultra-high tem- 
peratures. As plotted in Figure 3, typical resistance 
values in the range of 1,000,000 megohms at room 


temperature drop to 100 megohms at 600°C. This is} 


due to the fact that conductance in good insulators is 
in large measure ionic, and the mobility of ions in- 
creases with temperature. The presence of alkali metal 
ions in glass is a contributing factor to its relatively 
poor insulating properties at high temperature. Re- 


duction in alkali content results generally in high’ 


softening point ; electrical grade glass is a compromise 
between low melting point and good electrical quality. 
Alkali-free materials, such as aluminum oxide, zireo- 
nium oxide, boron nitride, and others are highly 
refractory and difficult to manipulate, but show 
superior electrical characteristics at high teiaperature. 
Such materials are outstandingly useful where a mas- 
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terminal bushings. 

Providing a good insulating environment at high 
temperature is a particularly troublesome problem 
for many reasons. For one thing, few materials exist 
which remain in the liquid phase at these tempera- 
tures. Even if a suitable liquid could be found, 
thermal expansion and contraction would present in- 
surmountable obstacles to its use. Therefore, the pre- 
ferred method of packaging encloses all components 
in hermetically sealed cases filled with inert gas. High 
dielectric strength and thermal stability are the re- 
quirements on which selection of a suitable gas is 
based. Dielectric strengths of the more stable gases 
are plotted against pressure in Figure 4. Unfor- 
tunately, the gases of highest dielectric strength have 
insufficient thermal stability for ultra-high tempera- 
ture use. Perfluorethane is sufficiently stable for units 
operating at temperatures only up to 350°C. For 
higher temperatures, it is necessary to use nitrogen 
at a density sufficient to provide the required elec- 
trical breakdown strength. This means two to three 
atmospheres pressure at room temperature, 6 to 9 















atmospheres at 600°C. Containment of such pressures 


in a case of minimum weight presents no mean prob- 
lem to the mechanical engineer. All units must be 
leak-tested on the helium mass-spectrometer leak de- 
tector to insure a perfect hermetic seal. 

Cc ‘tuir insulating materials perform dual functions 
as insulat« s and structural members. Adhesives and 
potting compounds are good examples of such ma- 
terials. The problem posed by adhesives which are not. 


sive piece of insulation is required, as for example in * those of the conductor metal itself. The best conductor 
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metals, copper and silver, show a marked increase in 
resistivity with increasing temperature. Referring to 
Figure 5, it can be seen that the resistarice of these 
metals at 600°C is over three times the resistance at 
room temperature. 1?R loss and IR drop in inductive 
components are increased proportionately. 

The problem of insulation for high-temperature 
conductors still awaits a completely satisfactory solu- 
tion. Available commercial conductors ‘elude fiber- 
glas-served copper and silver, anodized aluminum, and 
ceramic-coated nickel-clad copper wires. Glass fiber- 
served wires exhibit excellent resistance to tempera- 
tures up to 600°C, but have poor space factors due to 
the relatively large bulk of the fiberglas coating. The 
problem becomes more acute in the fine wire sizes; for 
example, a #40 wire wound into coil form consists of 
only 17 per cent copper by volume. Anodized alu- 
minum also has disadvantages. Its melting point is 
650°C and its conductivity is only 61 per cent that 
of copper. Nickel-clad copper wires initially have 65 
per cent of the conductivity of pure copper, but upon 
prolonged heating show an increase in resistivity due 
to diffusion of nickel into copper with formation of an 
alloy of high resistance. 

Figure 6 summarizes the state of the art of high 
temperature conductors. The curves show relative 
conductance [per cent conductivity relative to copper 
(volume metal/total wire volume)] for a number of 
commercial and developmental wires. The ‘‘double 
film’’ curve refers to a conventional double-organic- 
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organic materials. In so doing, the first handicap 
encountered is the inherent non-flexibility of inorganic 
and ceramic insulations. The winding of inductive 
components requires flexible, abrasion-resistant in- 
sulation for conductors, and flexible sheet insulation 
between the layers of a coil. 

Fortunately, there is a way in which a degree of 
flexibility can be imparted to inorganic materials. 
This is by spinning or plating material in thin fibers. 
Nature, over the course of the ages, has produced 
bundles of silicate fibers as chrysotile asbestos, and 
**books’’ of laminar sheets as muscovite and phlogopite 
micas. Man has learned to spin fibers out of siliceous 
materials such as glass, quartz, and aluminum silicate. 
He has improved upon the natural micas, replacing 
the water present in natural mica with fluorine to 
produce synthetic fluorphlogopite, stable to 1000°C 
(Figure 2). Further, he has circumvented the in- 
creasingly acute shortage of large mica splittings by 
finding a way to delaminate mica scrap and recombine 
the platelets into sheets of material which may be 
several feet in width and as little as a thousandth of 
an inch thick. This feat has been accomplished by 
utilizing the residual electrostatic forces of attraction 
present in freshly delaminated mica. As a result, we 
have available flexible fibers, papers, and woven fab- 
ries of inorganic origin, exhibiting good dielectric 
qualities and capable of withstanding extremely high 
temperatures. 

A new type of flexible inorganic layer insulation 
has been developed in our own laboratory. This ma- 


terial has as its basis the bentonite clay films studied} 


by Dr. Ernest Hauser of M.I.T. during the 30’s. We 
have improved tensile and tear strength by incorporat- 
ing in these remarkable clay films a quantity of in. 
organic fiber, such as glass, quartz, aluminum silicate, 
or potassium titanate. Strength can be further im. 
proved by applying a thin coating of silicone resin; 
or if desired, a thin layer of polyvinyl alcohol may 
be added for temporary handling strength, and subse- 
quently burned off after the “p is wound. Films as 
thin as five ten-thousandths 6f an inch have been 
prepared in this manner, with breakdown voltages of 
1500 volts per mil. 

The electrical characteristics of all insulating ma- 
terials suffer severe deterioration at ultra-high tem- 
peratures. As plotted in Figure 3, typical resistance 
values in the range of 1,000,000 megohms at room 
temperature drop to 100 megohms at 600°C. This is 
due to the fact that conductance in good insulators is 


in large measure ionic, and the mobility of ions in-j 


creases with temperature. The presence of alkali metal 
ions in glass is a contributing factor to its relatively 
poor insulating properties at high temperature. Re- 


duction in alkali content results generally in high’ 


softening point ; electrical grade glass is a compromise 
between low melting point and good electrical quality, 
Alkali-free materials, such as aluminum oxide, zireo- 
nium oxide, boron nitride, and others are highly 
refractory and difficult to manipulate, but show 
superior electrical characteristics at high teinperature. 
Such materials are outstandingly useful where a mas- 
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terminal bushings. 
Providing a good insulating environment at high 
temperature is a particularly troublesome problem 











: for many reasons. For one thing, few materials exist 
: which remain in the liquid phase at these tempera- 
n: tures. Even if a suitable liquid could be found, 
3 thermal expansion and contraction would present in- 
‘ surmountable obstacles to its use. Therefore, the pre- 
Fe ferred method of packaging encloses all components 
ong in hermetically sealed eases filled with inert gas. High 
of dielectric strength and thermal stability are the re- 

quirements on which selection of a suitable gas is 
. based. Dielectric strengths of the more stable gases 
m.@ 2re plotted against pressure in Figure 4. Unfor- 
al tunately, the gases of highest dielectric strength have 
al insufficient thermal stability for ultra-high tempera- 
jg ture use. Perfluorethane is sufficiently stable for units 
. operating at temperatures only up to 350°C. For 
~ higher temperatures, it is necessary to use nitrogen 


tale at a density sufficient to provide the required elec- 
trical breakdown strength. This means two to three 
ae atmospheres pressure at room temperature, 6 to 9 
gh atmospheres at 600°C. Containment of such pressures 
J in a case of minimum weight presents no mean prob- 
lem to the mechanical engineer. All units must be 
leak-tested ou the helium mass-spectrometer leak de- 
nly tector to insure a perfect hermetic seal. 

Cc ‘tuir. insulating materials perform dual functions 
as insulati s and structural members. Adhesives and 
potting compounds are good examples of such ma- 
terials. The problem posed by adhesives which are not 
resistant to high temperature has been eased by the 
discovery that certain types of silicone resins, unstable 
when exposed to air at temperatures above 250°C, 
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to 600°C, provided that they are given a degassing 
treatment under vacuum at a high temperature fol- 
lowing the usual 200°C cure. The degassing treatment 
removes a portion, though not all, of the organic 
groups present in the silicone polymer. Weight loss 
s when heated in vacuum at temperatures up to 600°C 
is on the order of 25 per cent, as compared with 50 
per cent for the same resin heated in air, indicating 
® that a large proportion of carbon still remains in the 
molecule after vacuum treatment. Properly selected 
@resins retain a large measure of their bonding 
strength, exhibit excellent electrical properties, and 
can be operated for long periods at very high tem- 
peratures without further degradation. By admixture 
with refractory powders and inorganic fibers, potting 
compounds of zero shrinkage and controllable poros- 
ity, resistant to shock and vibration, may be prepared. 

In the evaluation of conductors for ultra-high tem- 
perature service, it becomes necessary to consider 
Bijointly the properties of the insulating coating and 
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sive piece of insulation is required, as for example in + those of the conductor metal itself. The best conductor 


ean be used in inert atmospheres at temperatures up 


metals, copper and silver, show a marked increase in 
resistivity with increasing temperature. Referring to 
Figure 5, it can be seen that the resistance of these 
metals at 600°C is over three times the resistance at 
room temperature. [*R loss and IR drop in inductive 
components are increased proportionately. 

The problem of insulation for high-temperature 
conductors still awaits a completely satisfactory solu- 
tion. Available commercial conductors include fiber- 
glas-served copper and silver, anodized aluminum, and 
ceramic-coated nickel-clad copper wires. Glass fiber- 
served wires exhibit excellent resistance to tempera- 
tures up to 600°C, but have poor space factors due to 
the relatively large bulk of the fiberglas coating. The 
problem becomes more acute in the fine wire sizes; for 
example, a #40 wire wound into coil form consists of 
only 17 per cent copper by volume. Anodized alu- 
minum also has disadvantages. Its melting point is 
650°C and its conductivity is only 61 per cent that 
of copper. Nickel-clad copper wires initially have 65 
per cent of the conductivity of pure copper, but upon 
prolonged heating show an increase in resistivity due 
to diffusion of nickel into copper with formation of an 
alloy of high resistance. 

Figure 6 summarizes the state of the art of high 
temperature conductors. The curves show relative 
conductance [per cent conductivity relative to copper 
(volume metal/total wire volume)] for a number of 
commercial and developmental wires. The ‘‘ double 
film’’ curve refers to a conventional double-organic- 
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Figure 9 Figure 10 
film coated wire, such as heavy formvar or heavy 
teflon. The poor relative conductance of commercial 
high temperature wires, particularly in fine wire sizes 
from #26 to #40, is clearly evident from the curves. 
A great deal of development work on high tempera- 
ture insulated conductors is currently going on in our 
laboratories and elsewhere. An aluminum-oxide coated 
wire, represented at the top of Figure 6, has been 
developed by Raytheon’s Receiving Tube Division, 
following a method which had proved successful in 
the coating of tungsten filament wires. This wire has 
an excellent space factor and may provide the answer 
to a wire for service in inert atmospheres up to 400°C. 
We have investigated anodizable metallic coatings, 
and have produced a tantalum clad wire which can 
be anodized to yield an exceptionally tenacious and 


flexible oxide film. Following another approach, w 
have electrophoretically coated silver and copper 
wires with inorganic fibers, specifically quartz, aly 
minum silicate, and potassium titanate fibers. W 
have also studied the formation of insulating coating 
by chemical means. Examples of such coatings 
electrolytically formed phosphate and chromic oxid 
coatings on silver, and fluoride coatings produced 
copper and aluminum by heating in fluorocarbon gag 
From still another angle, we have conducted an ip 
vestigation of the diffusion of metallic coatings. 

a result of this work, we now have a metallic coating 
metal for copper and silver which is free from thé 
diffusion effects that cause other clad wires to increas 
resistance upon aging. Any one of these variou 
methods of attack may provide the low space-facto 
wire which is essential in the development of mini 
turized ultra-high temperature components. 

Turning now to the category of magnetic materis 
required in transformers and reactors, radical change 
are found to occur in these materials at extremel 
elevated temperatures. As shown in Figure 7, com 
losses at high flux densities are reduced by roughly 
40 per cent at 500°C. Core losses are of two types 
hysteresis losses which may be considered due ti 
molecular friction accompanying the orientation @ 
iron atoms with the rapidly changing magnetic field 
and eddy current losses caused by induced current 
in the magnetic core. Losses of the latter type a 
customarily minimized by ‘‘core plating’’ the lamin 
tions with a suitable insulating material, such 
magnesium oxide or phosphate. Interlaminar resist 
ance deteriorates severely at very high temperature 
Over a long period of time, diffusion of the insulating 
layer into the iron takes place, causing a large per 
manent loss in resistance. A simple solution to thi 
problem has been found in the use of extra heay 
layers of inorganic insulating coating, up to 2 mil 
in thickness. 

Exciting current of magnetic cores increases will 
temperature, as shown in Figure 8. This effect, whid 
is especially marked at the higher flux densities, i 
due to the lower permeability of silicon steel as th 
Curie point of 750°C is approached. As a result, i 
the design of magnetic components for ultra-hig 
temperature operation, it becomes necessary to lim 
the maximum flux density to values 10 to 15 per cet 
lower than those used in conventional units. 

Included in the category of ‘‘structural members 
are such things as containers, mounting brackets, an 
hardware in general. Commonly used metals such 
cold rolled steel are found to have insufficient streng 
for many purposes above 500°C. It therefore is neca 
sary to use high hot-strength stainless steels for casé 
and mounting hardware. 

Assembly of the various parts brings into pla 
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many facets of the brazing art. Fine wires are brazed 


B to leads using ‘‘tweezer’’ brazing tools especially de- 


signed for delicate work. A similar technique is used 
for joining lead wires to terminals. Covers are torch 
brazed to cases for 350°C service; heliare welding is 
employed for 600°C units. Specially designed metal- 
lized ceramic terminals employ low-carbon nickel 
parts for maximum resistance to oxidation in air. 
The titanium hydride metallizing process for ceramics 
is the only method found to date that gives acceptable 
results at the 600°C level. Terminals are induction or 
furnace brazed to headers in dry hydrogen. 

Caution must be exercised in the use. of silver- 
containing brazing alloys in contact with ceramic in- 
sulating members at high temperatures. Under cer- 
tain conditions, migration of silver along ceramic 
surfaces has been found to lead to the formation of 
conducting films and the growth of metallic whiskers 
on the surface of the ceramic. This effect is clearly 
visible in Figure 9 in which the dark areas that can 
be seen on the ceramic are silver. Silver whiskers are 


m@ visible growing along the base of the ceramic at the 


left. A more enlarged view of the whiskers is given 
in Figure 10. This situation may be corrected by the 


juse of nickel-gold brazing alloy instead of silver. 


An article on ultra-high temperature electronics 
would be incomplete without some reference to heat 
transfer at elevated temperature. Since the quantity 
of heat radiated per unit surface varies as the fourth 
power of the absolute temperature, it is found that at 
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- 500°C and upwards radiation becomes the dominant 


mode of heat transfer for the geometries used in these 
components. 

Figure 11 is a plot of radiation coefficient (heat 
transferred per unit area per degree) versus thermal 
flux (heat input) for various ambients up to 500°C. 
Clearly, at 500°C ambient there is at least seven times 
as much heat transferred due to radiation than at 
100°C. For a given heat input, the radiation will be 
more effective in keeping the temperature from in- 
creasing if the ambient is high. Temperature gradients 
inside and outside the equipment container are mini- 
mized by coating all surfaces with a high-emissivity 
finish. Natural metal-oxide finishes provide some im- 
provement in radiation, but a more effective method, 
applicable to stainless steel and nickel, is to immerse 
the metal in molten sodium dichromate at 400°C. This 
treatment yields a thermally and optically ‘‘black’’ 
surface coating which is resistant to corrosion at high 
temperatures. 

The external appearance of a group of ultra-high 
temperature transformers built by Raytheon for the 
Navy is illustrated in Figure 12. Voltage ratings of 
these units are as high as 5400 rms and 16 kv pulse. 
Teamed up with ceramic vacuum tubes, capacitors, 
resistors and semiconductors under continuing de- 
velopment by various companies throughout the 
country, these units are expected to make an impor- 
tant contribution to the new art of ultra-high tem- 
perature electronics. 
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THE QUATERNARY WAVE combines 
information from trains 1 and 2, and 
the timing pulse regulates the width 
and position of the quaternary output 
wave. Thus, twice as much informa- 
tion is passed through the same band- 
width as is required for one train. 


PCM is a new method of coding voig 
and analog information into digit 
form. It provides a completely dig 
talized message by time-division mu 
plexing of voice circuits. Adaptatia 
of the technique offers advantages 
signal-to-noise characteristics, sig 
regeneration, message security af 
equipment reliability not usual 
achieved with conventional technique: 
A 96-voice channel, fully transistorize 
PCM equipment for cable and rad 
transmission meeting rugged militar 
requirements has been develope 
by the Communications and Dat 
Processing Operation of Raytheon 
Equipment Division. In this system} 
sampling frequency of 8,000 cycles 
used. Each sample is coded in six-§ 
binary form, at a bit frequency 

4.6 mc. Many new circuit technique 
closely allied to high-speed data p 
cessing and computer systems 

being developed for this equipmefr 





TYPICAL MOLDED MODULE used in 


Raytheon PCM equipment comprises 
logic circuitry required for a 2.3 mc 
shift register shown in the diagram. 
Other modules are used for repetitive 
and-or gates, flip-flops and  binary- 
storage elements. 
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